Abstract: Development of descriptive models for thermally-driven gelation process for methyl cellulose (MC) solutions is presented in this paper. The available heat absorption profiles obtained using a micro-differential scanning calorimeter (μDSC) during the gelation of MC (SM4000) aqueous solutions with various concentrations were examined. Different mathematical models were considered for fitting the experimental data. Necessary constants for the proposed mathematical formulations were obtained based on the DSC measurements to achieve the most promising fit. Further, analysis based on the mathematical models was performed to describe influence of various parameters for the gelation process, including the total heat, the degree, and the state of gelation. The effect of variations in MC concentrations on these parameters was investigated and the possible mechanisms were highlighted. Proposition was made towards the existence of a water entrapment point on the degree of gelation plots of MC hydrogels and its significance was discussed.
Introduction
Hydrogels are widely used in many areas such as biomedical, food, and pharmaceutical industry. [1] Most thermosensitive hydrogels undergo phase transformation from solution to a gel state (commonly termed as the gelation process) upon either cooling or heating. There are various types of thermal-gelation systems, including PNIPAM and its copolymers [2] and block copolymers with hydrophobic and hydrophilic blocks, [3] [4] cellulose derivates etc. [5] Temperature dependent polymer-solvent interactions and heterogeneous polymer microstructure cause the aggregation of polymer chains at elevated temperatures that induce the formation of physical cross-linking network of the whole system. [6] Various thermodynamically controlled processes like crystallization of thermoplastics, [7] [8] curing of thermosetting resins [9] [10] and gelation of hydrogels [11] [12] [13] [14] have similarities in the thermal behaviour. Crystallization and curing are typical exothermic reactions whereas gelation can be either endothermic or exothermic process, depending upon the type of hydrogel. Thermoreversible natures of crystallization and physical gelation as well as the formation of ordered three-dimensional network of thermosetting resins and hydrogels provide some useful concepts and research methods to study the thermoreversible gelation process of methyl cellulose (MC) solutions, one of the thermo-sensitive physical hydrogels.
There are many techniques to study the sol-gel transition processes, including dynamic light scattering [15] , differential scanning calorimetry (DSC) [16] , rheological measurements [17] [18] , NMR etc [19] [20] . Only a few universal models are proposed so far to describe the gelation process, and most characteristic methods have been just involved in monitoring the changes during the transitions. So far there is no specific analytical or numerical model available to predict or simulate the thermalinduced gelation process for MC solutions accurately as a function of temperature.
In this investigation, in view of the similarities in thermodynamically controlled processes for polymers, such as curing, crystallization and gelation, similar approaches and conceptual framework of kinetic models are adopted for the gelation process. A model is developed for the gelation of methyl cellulose (MC) in water; the process is driven by external energy that changes the association pattern of the hydrophobic segments of the system, inducing the formation of the ordered reversible network from the polymer chain junctions [21] . The physical gelation process is complex because of the transient and reversible nature of the network formation and stabilization. The proposed model is expected to help in understanding the thermally driven process of sol-gel transitions for MC hydrogels.
A record of the heat absorption data for the thermally induced gelation process for aqueous solutions of different concentrations of MC (SM4000) obtained using micro-DSC or μDSC was available [22] . After comparing various possible analytical models, a suitable mathematical formulation was identified and developed further for simulating the on-hand μDSC data. Necessary constants for the model were derived to have the close fit with the experimental results. The model was extended to predict the amount of heat necessary for sol-gel transitions in the aqueous solutions of various MC concentrations. A concept of 'degree of gelation' is introduced for the gelation process. An existence of a 'water entrapment point' on a degree of gelation curve is proposed, which helped in highlighting demarcations in the mechanism of the thermal-gelation process for MC solutions.
Materials and methods

SM4000
, methylcellulose, of which the data is available in ref. [22] , with molecular weight (M w ) of 310,000 g/mol was received from Shin-Etsu Chemical Co. Ltd. Deionised water from Millipore (Alpha-Q grade) was used as solvent to obtain the aqueous solution for hydrogels. The calorimetric results were based on VP-DSC (Micro-calorimeter, MicroCal Inc.), wherein the temperature ramp rate for the sol-gel transformations of MC hydrogels was set to 60 °C/hr. This micro calorimeter is designed for liquid samples with a 0.516 ml volume sample cell and a reference cell with deionised water as the control. The data for aqueous solutions with four different concentrations of MC, viz; 0.91wt%, 1.53wt%, 1.83wt % and 2.19wt% was considered in this investigation.
Process of sol-gel transformation
Methyl cellulose (MC) is a water-soluble polymer and undergoes gelation in aqueous solution upon heating [11] [12] [13] [14] . At low temperatures, water molecules form "cage-like" structures to surround the hydrophobic methyl groups [15] , thus making MC to be soluble in water. Upon heating, these "cage-like" structures will distort and dissociate to expose the hydrophobic regions, subsequently inducing the formation of aggregations of hydrophobic segments or inter-chain clustering. Thus, the gelation is regarded as a manifestation of aggregation due to the hydrophobic effect [21, 23] . When all of these short-range interactions of water with polymer groups are satisfied, the formed network might imbibe additional water to expand. The continued expansion or swelling is mainly caused by osmotic forces, which may have both electrostatic and conformational entropy components, and oppose the elastic retraction forces of the formed network [24] [25] . The dynamic process will last until an equilibrium swelling state is reached [1] . Thus, the sol-gel transitions of MC may be divided into three steps -(1) disruption of the "caged" water from methyl groups of polymer chain; (2) formation of the ordered network by aggregation of hydrophobic methyl groups; (3) swelling of the network to form a stabilized gel through imbibing water molecules into the network. Both these transitions are linked to the absorption and utilization of external heat energy, so DSC measurements are suitable to obtain quantitative information about the heat of gelation to elucidate the process of transitions [16] .
Heat of gelation
The experimental variations in specific heat capacity, P C , as a function of temperature, T , for aqueous solutions of different SM4000 concentration are shown in Figure 1 . All the P C curves for the SM4000 hydrogels are bell-shaped and slightly unsymmetrical with their peaks leaning towards high-temperature ends at higher MC concentrations. When temperature is below 45 °C, the variations of P C values are insignificant (in an order of 10 -6 to 10 -7 Cal/°C) for all MC solutions under investigation. Thus the onset temperature, on T , at which the gelation process was believed to start, was assumed to be 45 °C and the values of P C at 45 °C were taken as the base-line data. The point of intersection between the baseline of P C and the other end of the bell-shaped P C curve was taken as the offset temperature, off T , at which the gel formation nearly completed. off T for all 4 sets of solutions was approximately 81°C. DSC results indicated that the sol-gel transformation for the aqueous solutions of MC (SM4000) took place in a temperature range of 45 -81 °C. The amount of heat absorbed up to a certain temperature (T) during the gelation process could be calculated by integrating the area under the DSC curves starting from on T to T . Heat of gelation was defined as the area under P C vs. T curves between 45 to 81 °C, which corresponded to the total amount heat energy absorbed in the sol-gel transitions from on T to off T respectively.
Mathematical models for heat of gelation
A bell shaped curve depicting the DSC data was initially modelled using the normal distribution (ND) pattern. The ND for P C vs. T is defined as:
where
determines the number of observation points for DSC:
The plot for 0.91wt% MC solution is shown in Figure 2a . Since the original curve is not symmetrical about
, the symmetrical ND curve does not fit to the original data perfectly, missing the location of the peak. Subsequently, Weibull distribution was used to describe the non-symmetrical bellshape curves. The probability density function ) (T f for the current simulation is defined as:
In order to simulate thermal behaviour of the gelation process, equations (1) and (2) are scaled using a multiplying factor as: is shown in Figure 2b . In this function, an appropriate value of shape parameter b is set under the least square error restrictive condition between the experimental data and the function. θ is the characteristic scale parameter and its value is equal to T when Fig. 2b , there is also a large discrepancy between the proposed Weibull model and the experimental data. An alternative mathematical model is therefore proposed as shown in equation (4) Figure 3a . This model matched the experimental data closely as compared with the previous two models, although there were still some discrepancies between the simulation and the experimental data.
In order to improve the correlation, equation (4) The best-fit curves describing the heat of gelation are presented in Figures 3b-3e . The corresponding constants are listed in Table 1 . The plots in Figure 3f show the peak Cp values and the area under the Cp curves. 
Tab. 1. Empirical constants for heat of gelation model (equation 5).
MC
Degree of Gelation
Based on heat accumulation in the gelation process, the degree of gelation can be derived and used as a scale to evaluate the progress of the entire gelation process.
Although this concept is similar to the degree of cure for thermosetting resins, it differs in the following aspect. The degree of gelation essentially projects the state of the gel and not the strength of the gel. Thus, even if concentration of MC is very low, the aqueous solution will still undergo sol-gel transformations with the increasing temperature. Despite this, the gelled solution will have very low viscosity and appear very thin because the gel may remain as a dispersion of finite size clusters of physically associated MC chains. As against, an aqueous solution with relatively higher concentration of MC will exhibit a continuous network of MC chains resulting in a stronger gel upon the water uptake.
The parameter, degree of gelation, α , is defined as: As a dimensionless fraction, α varies in a range from 0 to1 for all solutions, with α = 0 at T = T on , and α = 1 at T = T off at the end of the gelation process [26] . The degree of gelation curves for various concentrations obtained using equations (6) Figure 5 presents the consolidated degree of gelation curves for various MC solutions. It may be seen from the figure that the entire gelation process is distinctively divided into two parts: (1) initial region within the temperature range from T on to 63.5 °C, which appears to be MC concentration-dependent; and (2) the second, concentration-independent region, with temperatures varying from 63.5 °C to T off . Note that temperature is the common parameter in both parts. The values of coefficient ξ, calculated for individual hydrogel samples in an ascending trend with MC wt%, are shown in Table 2 . The relationship between the concentration of MC and the coefficients ξ was examined by curve fitting analysis using the expression:
Relationship between Polymer Concentration and Degree of Gelation
Since the values of α depended only on temperature within the region with α ≥ 0.56, the amount of heat absorbed by the samples beyond this point was expected to show some relationship with the total heat absorbed during the transition. This essentially means
For the concentration-independent trend with α = 0.56 and above seen in Figure 5 , equation (10) in a Gompertz form is proposed to define that segment of the degree of gelation curve; thus Typical plots obtained using equations (7) - (10) 
Discussion
It may seen from Figure 3 (b) that the correlation between the analytical (equation 5) and the experimental P C values for 0.91wt% MC solution is better than that for the ND and Weibull distribution models shown in Figure 2 . The curve-fitting error varied slightly with MC concentration in Figures 3b-3d . However, as observed in Figure 3f , the total heat of gelation calculated using the proposed model (equation 5) matched well with the experimental data, which indicates that the proposed model is suitable for describing the sol-gel transitions in MC solutions. In Figure 3 (f), there is a sudden increase in the maximum specific heat capacity and the total energy absorbed for solutions with higher MC wt% than 1.53. Although it is difficult to identify a threshold concentration of MC for distinguishing a thin gel from a thick gel, the trend shown in Figure 3f may serve as an effective guide for evaluating the change related to MC concentration. The gels formed with MC concentration of less than 1.7wt% may be regarded as thin gels whereas the gels with concentrations equal to or higher than 1.7wt% of MC to be considered as thick gels.
MC
The rate of gelation (the rate of change of degree of gelation with temperature) for the dilute aqueous solution of MC as seen in Figure 4 is slow initially, which increased subsequently with temperature when sufficient heat energy was absorbed.
The whole transitions can be regarded as a multi-step process, and the change is more gradual for higher MC concentrations during the initial stages. The amount of heat energy absorbed during this phase is primarily utilized for distorting and breaking the 'cage-like' water structures around the MC chains. The amount and the rate of energy consumption appear to be linked to the concentrations of MC in the solution. Afterwards, the mobility of MC chains in water controls the hydrophobic association between the exposed methoxyl groups on the MC chains leading to the formation of gel network. In a diluted solution, individual MC chains are able to move more freely and easily, thus leading to faster clustering of MC chains. As a result, a faster rate of gelation is observed.
As seen from equations 7 and 10, the gelation process for MC may be divided into two parts: an initial concentration-dependent process (α 1 < 0.56), and the latter, the concentration-independent process (α 2 ≥ 0.56). From the onset of gelation (T on ), the external energy absorbed is utilized mainly for rearrangement of MC chains and related hydrophobic segments, thus inducing formation of the network. But there is a point on the state of gelation curves (at α = 0.56) beyond which the degree of gelation curves for various MC concentrations overlap with each other as seen in Figure 5 , indicating that all samples experience a similar mechanism. This point corresponds approximately to the temperature 63.5 ºC, at which
values were registered for all solutions. It may be regarded that at this temperature the formation of gel network through the hydrophobic association of MC chains is nearly complete. The heat energy absorbed beyond this point is utilized primarily for imbibing water into the formed network cells due to osmotic pressure [27] which leads to swelling and stabilization of the gel network. The heat energy utilized for this swelling and stabilization process amounts to about 44% of the total heat energy absorbed during the entire gel formation process. Thus, this point at α = 0.56 on the degree of gelation curves may be labelled as "water entrapment point".
For the initial part of the process where α = α 1 < 0.56, although there existed some discrepancy between the values of ξ as in equation 7 and the simulated values obtained using equation 8, the values are close enough to clearly indicate the dependency of ξ on concentration of the polymer. It may be seen in Figure 6 , that the simulated curves for α marginally lag the experimental curves. During the sol-gel transition, the processes involved, including disruption of the water cages, rearrangement of conformations of stiff polymer chains and formation of the network cells through hydrophobic association of MC chains, are linked to concentration of MC in the solution. However, these processes are unlikely to occur sequentially. Also, the degree of dependence of each process on MC wt% may vary. Because of these reasons, very close match between the experimental results with those predicted by the model based on MC concentration was not seen. It appears that there was some overlap between the above-mentioned processes, due to which, the experimental plots appear to show higher degree of gelation as compared to the predicted by the model. Besides the primary factors like temperature and MC concentration, more parameters might have to be considered to get a more precise simulation during the first phase of the sol-gel transition.
For the region of α = α 2 ≥ 0.56 (i.e. beyond the water entrapment point), based on the Gompertz model stated in equation 10, the gelation degree curves presented in Figure 6 show a good match between the simulation and the experimental results, which verifies the validity of the proposed model as well as the suggested mechanism. The ratio between the accumulated heat beyond the "water entrapment point" (referred as H α ) and the total sol-gel transition heat (referred as H T ) is same for all MC solutions of different concentration. This also testifies the concept of "water entrapment point" for the sol-gel transition. This essentially means that the density of the MC network cells is proportional to wt% of MC and therefore the energy absorption has gone up with MC wt% accordingly. However, on the whole, the energy required for imbibing water and stabilizing a single cell from the MC gel network remained approximately constant.
Conclusions
A suitable mathematical model for describing heat of gelation for MC hydrogels was identified and developed. The model could map the rate of heat absorption as a function of temperature. The model was successfully implemented for predicting the total amount of heat required for the sol-gel transformations. The plots obtained using the proposed concept of degree of gelation helped in better understanding of the gelation mechanism; these also resulted in the definition of a potential "water entrapment point". This point corresponds approximately to the temperature at which (max) P C values were registered for all solutions. At this temperature, the formation of gel network through the hydrophobic association of MC chains is believed to be complete. Beyond this point, the energy required for imbibing water and stabilizing a single cell in the gel network remained approximately constant.
